The ability of iron to catalyze formation of reactive oxygen species significantly contributes to its toxicity in cells and animals. Iron uptake and distribution is regulated tightly in mammalian cells, in part by iron regulatory protein 2 (IRP2), a protein that is degraded efficiently by the proteasome in iron-replete cells. Here, we demonstrate that IRP2 is oxidized and ubiquitinated in cells before degradation. Moreover, iron-dependent oxidation converts IRP2 into a substrate for ubiquitination in vitro. A regulatory pathway is described in which excess iron is sensed by its ability to catalyze site-specific oxidations in IRP2, oxidized IRP2 is ubiquitinated, and ubiquitinated IRP2 subsequently is degraded by the proteasome. Selective targeting and removal of oxidatively modified proteins may contribute to the turnover of many proteins that are degraded by the proteasome.
Many intracellular proteins in eukaryotic cells are degraded by the proteasome (1) (2) (3) (4) (5) . Degradation rates of individual proteins are often regulated, but the molecular events that determine turnover rates of most of these proteins are ill-defined. Although many proteins destined for proteasomal degradation are multi-ubiquitinated, few specific structural features that predispose to ubiquitination have been identified. Analysis of the degradation of several specific proteins has led to identification of a few distinctive structural features that predispose to ubiquitination, including substrate phosphorylation (6, 7) and changes in the identity of the N-terminal amino acid (8) . Thus, analysis of specific protein degradation pathways can facilitate description of distinctive structural features that predispose to recognition by the cellular degradation machinery.
In mammalian cells, iron-regulatory proteins 1 and 2 (IRP1 and 2) sense iron levels and regulate expression of genes of iron metabolism (9, 10) . In iron-depleted cells, both IRP1 and IRP2 bind to RNA stem-loops known as iron-responsive elements, inhibiting translation of iron-responsive element-containing transcripts such as ferritin or, alternatively, protecting transferrin receptor mRNA from degradation. However, the mechanism of iron-dependent loss of iron-responsive elementbinding activity differs between the two proteins. IRP1 is a stable bifunctional protein in which the presence or absence of an iron-sulfur cluster determines whether IRP1 will function either as the enzyme cytosolic aconitase or as an ironresponsive element-binding protein (9, 10) . In contrast, IRP2 is degraded selectively in iron-replete cells and is therefore available to bind transcripts only in iron-depleted cells (11, 12) .
The sequence responsible for iron-dependent degradation of IRP2, termed the ''iron-dependent degradation domain'', consists of a 73-aa sequence unique to IRP2 that is thought to bind iron (13) .
To analyze the pathway of iron-dependent degradation of IRP2, we treated cells with proteasome inhibitors and determined that IRP2 protected from degradation is oxidized and ubiquitinated in iron-replete cells. Furthermore, in vitro studies revealed that metal-catalyzed oxidation of IRP2 predisposes to ubiquitination. We outline a pathway for irondependent degradation in which efficient iron-dependent oxidation of one or more residues in IRP2 leads to specific ubiquitination of IRP2 and to targeting for proteasomal degradation.
METHODS
Overexpression of IRP1 and IRP2. Overexpression and purification of IRP1 and IRP2 were done as described (11) with the modification that IRP2 purification was performed in the presence of 100 M desferrioxamine (Df, an iron-specific chelator) to protect against metal-catalyzed oxidation during the purification process. Oxidation of IRP1 and IRP2 (after dialysis to remove Df) was performed at the concentration of 0.1 g͞l protein in 20 l of reaction mixture (25 mM Hepes-NaOH, pH 7.2͞40 mM KCl) in the presence of the indicated concentrations of FeCl 3 and 10 mM DTT (14) . The reaction mixture was incubated at 37°C, and the reaction was stopped by adding Df (100 M) and cooling to 4°C. Carbonyl groups of oxidized proteins were derivatized with 2,4-dinitrophenylhydrazine (DNP) (Sigma) and were detected by Western blot analysis with anti-DNP antibody (15) . A similar experiment was performed in a Coy anaerobic glove box (Coy Laboratory Products, Ann Arbor, MI) and was analyzed for carbonyl formation as described above. In vivo expression of IRP1 and IRP2 constructs was performed as described (13) . Transient transfection of COS cells was performed by electroporation. COS cells (5 ϫ 10 6 ), suspended in 400 l of RPMI 1640 medium and 25 mM Hepes (pH 7.4) together with 10 g of plasmid DNA, were electroporated at 250 V, 500 F by Gene-Pulser (Bio-Rad) with 0.4-cm electrode gap cuvettes. Df (100 M) or ferric amminium citrate (FAC) (400 g͞ml) was added to the cultures 24 h after transfection to manipulate cellular iron levels, and cells were harvested 48 hr after transfection.
Identification of Ubiquitinated Proteins. Extracts for detecting ubiquitinated proteins were prepared by lysing cells with lysing buffer containing 1% Nonidet P-40 (Sigma), 0.5% deoxycholate, 50 mM Tris⅐Cl (pH 8.0), 150 mM NaCl, 0.1% SDS, 10 g͞ml aprotinin, 10 g͞ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, and 10 mM N-ethylmaleimide on ice for 20 min. Cysteine then was added (final concentration of 0.1%) to neutralize the N-ethylmaleimide. To detect ubiquitinated proteins, protein samples were separated on a 6% SDS͞PAGE gel and transferred to poly(vinylidene difluoride) membranes (Bio-Rad). Membranes were fixed with 0.5% glutaraldehyde in 0.1M KPO 4 (pH 7.0) at room temperature for 20 min, washed with PBS, blocked with 5% BSA in PBS, and then incubated with rabbit anti-ubiquitin sera, affinitypurified, and diluted as described (16) .
The in vitro ubiquitination assay was performed as follows: Native or in vitro-oxidized IRP2 was incubated with 400 g of RD4 S100 lysates, 5 mM MgCl 2 , 2 mM ATP, 2 mM DTT, 6 g of ubiquitin (Sigma), 25 mM Tris⅐Cl (pH 7.6), and 60 mM KCl for 5 min. Reactions were stopped by the addition of 1 ml of ice-cold buffer containing 1% Nonidet P-40, 0.5% deoxycholate, 50 mM Tris⅐Cl (pH 8.0), 150 mM NaCl, and 0.1% SDS. IRP2 was immunoprecipitated with anti-myc antibody and electrophoresed on a 6% SDS͞PAGE gel followed by Western blotting with antiubiquitin antibody.
RESULTS

IRP2 Is Subject to Metal-Catalyzed Oxidation in Vitro.
The 73-aa iron-dependent degradation domain of IRP2 contains five cysteines, residues that often are involved in direct ligation of iron. Previous mutagenesis of IRP2 has shown that several of these cysteine residues are required for the process of iron-dependent degradation of IRP2 (13) . The presence of a potential iron-binding site in the degradation domain of IRP2 is of interest in considering the mechanism of IRP2 ironsensing because iron-binding sites in some proteins can promote localized generation of highly reactive hydroxyl radicals by a process referred to as ''metal-catalyzed oxidation.'' These oxidation reactions share distinctive features: (i) A variety of residues adjacent to the metal binding sites are oxidized; (ii) carbonyl groups are introduced into some of these modified residues, providing a ''marker'' for oxidative modification; and (iii) oxidative damage often is not inhibited by the addition of free radical scavengers because the reaction is functionally ''caged'' (17, 18) .
Oxidative modification and nonenzymatic cleavages have been described for numerous proteins that contain known metal binding sites (14) . In the most extensively studied substrate of metal-catalyzed oxidation reactions, glutamine synthetase of Escherichia coli, modifications include metalcatalyzed oxidation of two histidines to form noncarbonylcontaining products (19) and oxidation of an arginine to yield a carbonyl group (20) . In mammalian Cu-Zn superoxide dismutase, a histidine involved in ligation of Cu 1ϩ is sensitive to oxidative modification, leading to damage to the metalbinding site and inactivation of the enzyme (21) . Residues that yield carbonyl groups on oxidation, including lysine, arginine, proline, and threonine (18) , highly are represented in the 73-aa degradation domain of IRP2, which contains three arginines, five lysines, 10 prolines, and three threonines.
To assess whether a metal-catalyzed oxidation event could play a role in initial sensing of iron levels by IRP2, purified recombinant IRP2 was assayed for formation of carbonyl groups after exposure to iron and reducing agents (15) . Consistent with metal-catalyzed oxidation, significant irondependent carbonylation of IRP2 but not IRP1 was observed (Fig. 1A) . In addition to increases in the carbonyl content of intact IRP2, signals appeared at both higher and lower molecular weights, consistent with oxidative cleavage of the peptide backbone and crosslinking between reactive degradation products of IRP2. Acquisition of carbonyl modifications was not observed when ferric chloride and DTT were added to purified protein under anaerobic conditions, indicating that the process depends on both iron and oxygen (data not shown).
To further characterize the dose and time dependence of oxidation, a time course experiment was carried out by using 5 M ferric chloride, and carbonyl modification was assessed at time points ranging from 5 to 240 min. (Fig. 1C) . Carbonyl modifications were detectable at the 5-and 10-min treatment time points in protein that was otherwise intact. As the time of exposure to iron-DTT increased, products derived from cleavage and crosslinking of the peptide backbone appeared. Thus, the initial products of iron-dependent oxidation included full length proteins in which amino acid side chains were oxidized, and longer exposures to iron and reducing agents resulted in more extensive damage to the protein. The efficiency of metal-catalyzed oxidation of IRP2 observed in these experiments supports the inference that an iron binding site is present in IRP2. The stoichiometry of carbonyl modification was determined by using oxidatively modified glutamine synthetase as a standard; carbonyl content of IRP2 at the final time point in the in vitro experiment of Fig. 1C was estimated at Ϸ1.4 mol of carbonyl group per mol of IRP2 based on comparison to intensity of oxidized glutamine synthetase (15) . In contrast, there was no significant increase in iron-dependent oxidative modifications of IRP1 (Fig. 1 A) . IRP2 Undergoes Iron-Dependent Oxidation in Vivo. To evaluate whether IRP2 similarly was modified oxidatively on exposure to iron in vivo, IRPs and chimeric constructs that contained or lacked the iron-dependent degradation domain (13) were assessed for iron-dependent acquisition of carbonyl groups in cells treated with either Df or FAC (Fig. 2 A and B) . Because previous work has shown that IRP2 is degraded by the proteasome (12, 13) , inhibitors of the proteasome were included so that degradation precursors could be characterized. An increase in carbonyl content of IRP2 and IRP1ϩ73 (IRP1 into which the degradation domain has been inserted) was detected in cells treated with iron, but the carbonyl content of IRP1 and IRP2Ϫ73 (IRP2 from which the degradation domain is deleted) did not increase with iron treatment (Fig. 2 A) . IRP2 or IRP1ϩ73 in which three cysteines in the degradation domain are replaced by serines (IRP2-loop cysteines-serines mutations or IRP1ϩ73-loop cysteines-serines mutations) (13) were analyzed for iron-dependent acquisition of carbonyl modifications together with other IRP mutants in transiently transfected COS cells. Of note, only the proteins that contained functional degradation domains acquired carbonyl modifications ( Fig. 2 C and D) . The carbonyl content of IRP2 and IRP1ϩ73 was estimated as 0.5-1.0 mol of carbonyl per mol of protein based on comparison to glutamine synthetase of known carbonyl content (15) , indicating that proteins that contain the degradation domain are oxidized readily in irontreated cells. Proteins that contained degradation domains in which cysteines were mutated did not acquire carbonyl modifications (Fig. 2C) . Thus, only IRP constructs previously identified as substrates for iron-dependent degradation were subject to iron-dependent oxidation, and cysteines of the degradation domain were implicated strongly in facilitating oxidation.
IRP2 Is Ubiquitinated in Iron-Replete Cells. Many proteins that are degraded by the proteasome are subject to ubiquitination (1-5). To determine whether IRP2 was targeted for proteasomal degradation by ubiquitination, cells expressing recombinant IRP2 or other chimeric IRPs (13) were treated simultaneously with the peptide aldehyde proteasomal inhibitor MG132 (23) and with either FAC or Df. Immunoprecipitated IRPs then were assessed for presence of ubiquitin multimers. Notably, multiple higher molecular weight species of IRP2 (Fig. 3A) and IRP1ϩ73 (Fig. 3B) were detected by anti-ubiquitin Western blot analyses (16) of immunoprecipitated IRPs from cells treated with FAC but not Df, indicating that ubiquitination precedes iron-dependent degradation of IRP2 in cells. Similar results were obtained with a structurally unrelated proteasome inhibitor, lactacystin (24) (Fig. 3C) . Increased ubiquitination of IRP1 was not observed in cells treated with iron (data not shown), consistent with the observation that IRP1 is not degraded in an iron-dependent fashion.
Oxidatively Modified IRP2 Is a Substrate for Ubiquitination. Although IRP2 that was destined to be degraded by the proteasome was observed to be oxidized and ubiquitinated, the in vivo observations did not establish whether oxidation of IRP2 preceded ubiquitination. To address whether oxidative modification(s) of IRP2 renders the protein susceptible to ubiquitination, an in vitro ubiquitination assay was developed in which iron-dependent oxidation of purified IRP2 was performed as a discrete step and iron was chelated before in vitro ubiquitination. Carbonyl modifications of purified IRP2 can be detected after 5-10 min of treatment with FeCl 3 and FIG. 2. IRP2 and related proteins are subject to iron-dependent oxidation in vivo. RD4 stable transformants expressing IRP1, IRP2, IRP1ϩ73, and IRP2-73 were cultured for 24 h in the presence of dexamethasone (20 nM) to induce protein expression, then were treated with either Df (D) or FAC plus lactacystin (10 M) (F*) for 12 h in the continuous presence of dexamethasone. IRPs in cell extracts were quantitated by Western blotting with anti-myc antibody, and equal amounts of recombinant protein from each treatment were immunoprecipitated from the lysates and derivatized by DNP as described in Materials and Methods. Proteins separated on an 8-16% SDS͞PAGE were transferred, and carbonyl groups were detected with anti-DNP antibodies (A). Membranes then were stained with Amido Black (Sigma) (B). COS cells transiently transfected with IRP constructs were cultured in the presence of 100 M Df (D) or 400 g͞ml FAC (F) for 24 h. The amounts of recombinant IRP in cell extracts were determined by Western blot analysis with anti-myc antibody by using purified IRP2 protein as a standard. Immunoprecipitated recombinant proteins (0.5 pmol) were derivatized with DNP, and carbonyl modifications were detected by Western blot analysis with anti-DNP antibody (C). To verify that equivalent amounts of proteins were assayed, membranes then were stained with Coomassie brilliant blue (D). DTT in an otherwise intact protein (Fig. 1C) , so IRP2 was treated with FeCl 3 and DTT or DTT alone or was left untreated for periods of 5 or 10 min. Subsequently, iron was chelated, and samples were incubated with RD4 cell lysates capable of supporting ubiquitination. IRP2 ubiquitination readily was detected in samples pretreated with iron (Fig. 4A , lanes 3-4) but was only barely detectable in control samples (Fig. 4A, lanes 5 and 6) . Coomassie staining of the membrane established that equal amounts of IRP2 were present in all samples (Fig. 4B) . The recombinant IRP2 used in the assay was obtained through over expression in baculovirus-infected insect cells and through purification from lysates by column chromatography (11) . Desferrioxamine was added to lysis buffer and to buffers used during purification because, in the absence of desferrioxamine, the recombinant IRP2 undergoes progressive degradation similar to the degradation caused by metal-catalyzed oxidation depicted in Fig. 1 A. The marked increase in the ubiquitination of the iron-treated protein above the control level suggests that an iron-dependent oxidative modification of IRP2 leads to the creation of recognition signals within IRP2 that are critical for ubiquitination. In addition, these results demonstrate that free iron is not necessary for the subsequent ubiquitination steps once the protein has been oxidized.
DISCUSSION
A number of different strategies are used by cells to regulate levels of iron and copper, in part because regulation of free metal concentrations helps to prevent the catalytic formation of hydroxyl radicals that occurs when these metals react with oxygen species (9) . Enzymes important in the detoxification of reactive oxygen species, such as superoxide dismutase and catalase, have been analyzed extensively, and much is known about cellular defenses against oxidation (25) . Substantially less is known about the mechanisms used by cells to dispose of oxidatively damaged components. Recently, the degradation of short-lived proteins in K562 cells was assessed after biosynthetic labeling and exposure to hydrogen peroxide; overall degradation was reported to be increased after hydrogen peroxide treatment, but, when synthesis of 20S proteasomes was inhibited specifically, degradation of proteins decreased, demonstrating that proteasomes are required for degradation of many oxidized proteins (26) . However, the molecular basis for targeting of oxidized proteins to the proteasome is not understood. In the case of IRP2, we have demonstrated clearly, by using proteasome inhibitors, that the protein is iron-dependently oxidized and ubiquitinated in cells. Of importance, in vitro studies reveal that oxidation of IRP2 converts IRP2 into a good substrate for ubiquitination. Furthermore, the IRP2 that is oxidized and ubiquitinated in cells is intact, and the cleavage products that were characteristic of extensive iron treatments are not detected under conditions that are sufficient to result in complete iron-dependent degradation of the protein. Thus, IRP2 provides a clear example of an oxidized protein that undergoes ubiquitination in cells before proteasomal degradation.
An important question that will need further evaluation concerns whether the mechanism of IRP2 degradation is unique to IRP2 or whether the steps involved in degradation Proc. Natl. Acad. Sci. USA 95 (1998) of IRP2 are generalizable to the full range of cellular proteins that are damaged incidentally as a consequence of irondependent oxidation. Our preliminary results suggest that the presence of iron-catalyzed oxidative changes may lead to recognition of many proteins by cellular degradation machinery (data not shown). The rate at which individual proteins are oxidized may be an important determinant of how efficiently the protein is degraded, and the rate of oxidation may depend on whether proteins have surface sites that permit binding of redox active metals. In proteins other than IRP2, infrequent oxidation events could lead to recognition by specific ubiquitin protein ligases similar or identical to those involved in recognition of oxidized IRP2, resulting in culling of randomly oxidized proteins from the cell. The observation that IRP2 is exquisitely sensitive to metal-catalyzed oxidation in vitro correlates with the observed increase in IRP2 oxidation in cells. Ultimately, the ability of IRP2 to function as an iron sensor and regulatory protein depends on an efficient degradation process in which IRP2 is degraded completely by the ubiquitinproteasome system in iron-replete cells. A similarly efficient oxidation and degradation process also could confer oxygensensing potential on hypoxia-inducible factor 1␣, an oxygensensing transcriptional activator that recently has been shown to be degraded under normoxic and iron-replete conditions by the proteasome (27) .
Numerous examples in the literature illustrate the fact that small covalent modifications can alter substantially the functions and fate of proteins. The level of oxidation of IRP2 caused by iron-catalyzed oxidation in vivo is minimal when compared with the effects of high dose in vitro metal-catalyzed oxidation, yet this minimal level of oxidation appears to be sufficient to alter markedly the fate of the protein. Analogous to phosphorylated proteins, such as IB␣, and substrates for the N-end rule, the first step in this process may involve recognition of specific oxidatively modified amino acids by ubiquitin protein ligases. Determining the specific nature of these oxidative modifications and the molecular basis of their recognition by components of the ubiquitin conjugating system should provide insights to how cells respond to oxidative stress. Thus, dissection of the degradation pathway of IRP2 may lead to characterization of ubiquitin enzymes that function at a critical intersection between specific genetic regulatory pathways and general quality control. Detection and specific elimination of proteins that have been damaged oxidatively may represent an important aspect of the cellular defense against oxidation.
